The mechanism by which FFA metabolism inhibits intracellular insulin-mediated muscle glucose metabolism in normal humans is unknown. We used the leg balance technique with muscle biopsies to determine how experimental maintenance of FFA during hyperinsulinemia alters muscle glucose uptake, oxidation, glycolysis, storage, pyruvate dehydrogenase (PDH), or glycogen synthase (GS). 10 
Introduction 30 yr ago, Randle and his colleagues proposed the existence ofa competition between glucose and fatty acids as oxidative fuel sources in muscle, based on studies using rat heart and diaphragm (1, 2) . Over the ensuing years, as knowledge has been gained concerning the biochemical regulation offuel homeostasis in muscle, the postulated mechanisms responsible for this competition have evolved. In its current form, this hypothesis states that elevated FFA oxidation produces an increased acetylCoA/CoA-SH ratio and citrate concentration. The increase in acetyl-CoA activates pyruvate dehydrogenase kinase, which in turn phosphorylates and covalently inhibits pyruvate dehydrogenase (PDH), ' the entry point for glucose (as pyruvate) into oxidative metabolism. The increase in citrate would inhibit phosphofructokinase, thus inhibiting glycolysis, leading to an increase in glucose 6-phosphate concentration, which, in turn, would inhibit hexokinase and presumably result in decreased glucose uptake (for reviews, see references 3 and 4).
Randle originally proposed that the glucose/fatty acid fuel competition cycle might be responsible for insulin resistance in diabetes (1) . Specifically, this fuel competition is thought to explain, at least partially, the decreased rates ofglucose disposal and oxidation often observed in non-insulin-dependent diabetes mellitus (NIDDM) and, these decreases in glucose metabolism are associated with increased plasma FFA concentrations and fat oxidation rates postabsorptively and postprandially (5) . Recently, Vaag et al. (6) have shown that acipimox, an antilipolytic agent, reduced plasma FFA and fat oxidation, and increased glucose disposal and oxidation in patients with NIDDM, lending support to this hypothesis. On the other hand, Bevilacqua and co-workers found no evidence that increased fat oxidation was responsible for decreased glucose disposal in patients with mild NIDDM (7) .
Many investigators have attempted to demonstrate the existence of glucose/fatty acid fuel competition in humans (8) (9) (10) (11) (12) (13) (14) (15) . Although details of the study designs have varied, most have used lipid or heparin infusions to maintain plasma FFA concentrations during an insulin infusion, which otherwise suppresses lipolysis, while systemic glucose disposal and oxidation are measured using isotopic techniques along with systemic indirect calorimetry. Most studies have shown that experimental maintenance of plasma FFA suppresses the ability of insulin to stimulate systemic glucose oxidation and uptake. However, none of those studies assessed the effects of experimental FFA maintenance during an insulin infusion on muscle PDH activity, the key element in Randle's hypothesis. Moreover, systemic measurements of glucose metabolism are a composite of glucose metabolism in many tissues, and may not necessarily reflect muscle glucose metabolism. This is especially true for glucose oxidation, where at low physiologic insulin concentrations (< 200 pM), muscle glucose oxidation is not the major contributor to systemic glucose oxidation. In addition, the studies using systemic techniques have not as- sessed the impact of FFA on glycolysis, and inhibition of muscle glycolysis is another prediction of the glucose/fatty acid cycle.
The leg arteriovenous balance technique offers an attractive alternative to systemic measurements for more directly assessing how FFA oxidation alters skeletal muscle glucose metabolism in man. Using this technique, it is possible to obtain close estimates of leg muscle glucose uptake, glucose oxidation, and glycolysis; leg muscle glucose storage (glycogen formation) can then be calculated as the difference between glucose uptake, glucose oxidation, and glycolysis ( 16) . Percutaneous biopsy of the vastus lateralis muscle allows the determination of PDH and glycogen synthase (GS) activity directly in a muscle bed that contributes to the measurements ofglucose oxidation and storage. We used these techniques in conjunction with a euglycemic clamp in 10 lean, healthy volunteers to determine (a) how plasma FFA concentrations alters leg muscle glucose uptake, oxidation, storage, and glycolysis; and (b) whether decreases in glucose oxidation or storage are accompanied by changes in muscle PDH or GS activities.
Methods

Subjects
Informed written consent to participate in these studies was obtained from 10 healthy male subjects. These studies were approved by the University ofPittsburgh Institutional Review Board. The subjects were aged 30±2 yr, with body mass index of24±0.7 kg/iM2. Volunteers were in good general health and did not have a family history of diabetes mellitus. To prepare for each study, subjects were instructed to ingest 2 200 g carbohydrate daily for 3 d preceding each admission and were carefully instructed to avoid exercise on the day before each study. None of the volunteers engaged in competitive or high intensity exercise programs.
Protocol
Each subject was admitted to the University of Pittsburgh General Clinical Research Center on the evening before being studied on two separate occasions, 1-4 wk. apart. Volunteers were fed a 10-kcal/kg evening meal (50% carbohydrate, 35% protein, and 15% fat), and then placed at bedrest and fasted for 12 h. In the morning, catheters were placed in both antecubital veins for infusion of glucose insulin and 9,10-3H-palmitate (New England Nuclear, Boston, MA) in one arm and for infusion of saline or 10% fat emulsion (Intralipid; Kabi Pharmacia, Clayton, NC) in the other. To perform leg balance studies, a radial artery (20 gauge; Jelco, Tampa, FL) and a femoral vein ( 16 gauge; Arrow International Inc., Reading, PA), were catheterized for intermittent blood sampling, as previously described ( 16) , and the subjects were allowed to rest for 30 min before blood sampling. Fractional extraction of FFA across the leg was measured using an infusion of 9,10-3H-palmitate (0.5 gCi/min) that was started at time t = -120 min. At time t = -30 min, to assess basal leg glucose and lipid metabolism, three sets of arterial and femoral venous blood samples were obtained simultaneously at 15-min intervals over a 30-min period for determinations of blood glucose, lactate and alanine, plasma FFA, and palmitate specific activity, and arterial plasma insulin. Leg glucose and lipid oxidation rates were estimated by leg indirect calorimetry using arterial and femoral venous blood samples for measurement of 02 and CO2. These samples were obtained simultaneously at 5-min intervals for 30 min. Leg blood flow was determined using mercury strain gauge plethysmography (Hokanson, Bellevue, WA). On completion of basal sampling at time t = 0 min, infusion of insulin was begun at a rate of 15 mU/M2 per minm (U-100 Humulin R; Eli Lilly and Co., Indianapolis, IN). Arterial blood glucose was measured every 5 min, and euglycemia was maintained with a variable infusion of 50% dextrose. Infusion of tritiated palmitate was continued throughout. On one occasion, an infusion of 10% fat emulsion at 1.25 ml/min was begun simultaneously with the insulin infusion and was continued for 4 h. On the other occasion, saline instead offat emulsion was infused. The order of the two studies was determined randomly. Leg balance ofglucose and arterial plasma insulin and FFA were determined hourly at times t = 60, 120, and 180. At time t = 210, intermittent blood sampling was repeated for a 30-min period as described above for the basal period, and leg blood flow was measured again. Upon completion of blood sampling at time t = 240, a percutaneous needle biopsy of the vastus lateralis muscle was performed after superficial injection of 1% xylocaine, as previously described ( 17) . Muscle samples were frozen in liquid nitrogen within 20 s and stored in liquid nitrogen until assays of PDH and GS activity were performed. After the muscle biopsy, all infusions were discontinued.
Analyses
Blood glucose was measured with a glucose analyzer, (Yellow Springs Instruments Corp., Yellow Springs, OH). Samples for blood lactate and alanine were deproteinized at bedside with ice-cold 7% perchloric acid in preweighed tubes. After determining the weight of the blood sample, the supernatant was stored at -80'C for assay ( 18, 19) . Arterial and femoral venous blood gas samples were analyzed at the bedside as previously described ( 16) . Briefly, plasma CO2 content was calculated from measured CO2 tension and pH (System 1304 pH/blood gas analyzer; Allied Instrumentation Laboratory, Lexington, MA), and adjusted to whole blood CO2 content using an empirically derived regression equation (20) . Blood oxygen content was determined using a cooximeter (IL282 Co-Oximeter System; Allied Instrument Laboratory, Lexington, MA). Arterial plasma insulin concentrations were determined by radioimmunoassay (21) . Plasma FFA concentrations were determined by an enzymatic method (NEFAC kit; Wako Chemicals, Inc., Dallas, TX). Plasma palmitate specific activity was determined with isocratic HPLC separation, using a reverse-phase column (C-18; III Supplies Co., Meriden, CT) with 82% acetylnitrile/18% water as the mobile phase and D3 I-palmitate as an internal standard (22). Plasma palmitate concentrations were determined by comparing the area under each palmitate peak with a standard curve generated using HPLC. Peaks corresponding to palmitate were collected, dried under vacuum, redissolved in a scintillation fluid, and counts in 3H were determined.
Enzyme activity assays PDH and GS were assayed in crude mitochondrial and cytosolic fractions ofmuscle biopsy homogenates as described ( 17) . The in the presence of fluoride and 0.1 (GSo.1) and 10 mM (GS10) glucose 6-phosphate. GS fractional velocity (GSFV) was calculated as the ratio GS0.1/GS10.
Because basal study conditions were identical on the two separate days ofstudy, biopsies were taken only at the end ofthe 15 mU/iM2 per min insulin infusion on each occasion, with or without experimental FFA replacement. This allowed each subject to undergo only two, rather than four, muscle biopsies. PDH and GS activities were compared between these biopsies, assuming that under identical conditions, basal enzyme activities would be similar.
Musclefiber typing. Portions of the muscle biopsies were frozen in isopentane cooled to -160'C. For histochemical analysis, l0-jtm muscle sections were cut with a microtome from the frozen specimen and stained for myofibrillar adenosine triphosphatase (23, 24) . The average cross-sectional area of 20 randomly selected fibers of each type (I, IIA, and IIB) was determined to assess the proportion of each fiber type.
Calculations
Leg balance for all substrates was calculated as the product of the arterio-venous concentration difference and leg blood flow (leg plasma flow for FFA balance). Leg plasma flow was estimated from measured leg blood flow by the equation: plasma flow = (bloodflow) X (1 -hematocrit) ( 16) . Leg carbohydrate and lipid oxidation rates were calculated using the equations of Frayn (25) , using an empiric value for limb protein oxidation, as previously described ( 16, 26) . Fractional extraction of FFA by the leg was calculated as arteriovenous difference of [3H] palmitate dpm divided by the arterial palmitate dpm. Leg FFA uptake was calculated as (fractional extraction) X (arterial FFA) X (leg plasma flow). Leg FFA release was calculated as the difference between leg FFA uptake and leg FFA net balance. Calculations of limb FFA uptake and release assume that the majority of plasma FFA species behave similarly to palmitate. Leg glucose storage was calculated as the difference between glucose uptake and the sum of glucose oxidation and net release oflactate and alanine, in glucose equivalents ( 16 
Results
Glucose clamp and experimental FFA replacement data. Basal concentrations (times t = -30 to 0 min) of arterial blood glucose, plasma insulin, and plasma FFA were nearly identical on each occasion, as shown in Fig. 1 and 2 . During both studies, plasma insulin was acutely increased at t = 0 to equivalent steady-state levels of moderate, physiologic hyperinsulinemia (-200 pM or 35 AtU/ml). Arterial blood glucose was maintained at euglycemia during each study. After starting insulin infusion alone, plasma FFA concentrations were rapidly and nearly completely suppressed; during insulin infusion and experimental FFA replacement, plasma FFA levels remained at basal concentrations as shown in Fig. 2 .
Leg glucose uptake. Rates of leg glucose uptake during basal sampling periods were similar during each study (Fig. 3) . Leg blood flow increased significantly from basal values to equivalent values with insulin infusion, regardless of whether FFA levels decreased or were experimentally maintained (from 2.4±0.2 to 3.4±0.3 compared to from 2.5±0.2 to 3.6±0.3 ml/ min per 100 ml leg tissue). Insulin-stimulated rates of leg glucose uptake were greater when plasma FFA concentrations were allowed to decrease than when they were maintained (Fig.  3) . The decrease in steady-state rates of leg glucose uptake (times t = 210 to 240 min) during maintenance of basal levels of FFA, as compared to insulin infusion alone, was 35±7%. The rate of glucose infusion needed to maintain euglycemia during hyperinsulinemia was correspondingly greater when plasma FFA concentrations were allowed to decrease than when they were maintained at basal values, as shown in Fig. 3 . The decrease in leg glucose uptake was significantly correlated with the decrease in the glucose infusion rate (r = 0.63, P < 0.05).
Leg FFA uptake and release. During the basal periods on each occasion, fractional extraction of FFA across the leg, leg FFA uptake, and FFA release, were not significantly different, as shown in Table I . Fractional extraction of plasma FFA in- (Table II) and was significantly higher than the rate ofleg lipid oxidation during insulin infusion alone. Leg energy expenditure increased significantly during insulin infusion whether or not FFA concentrations were maintained (Table II) .
The pattern ofleg oxygen consumption during insulin infusion was significantly altered when plasma FFA concentrations were experimentally maintained at basal values (Fig. 4 and Table II ). During the insulin infusion when plasma FFA levels were allowed to decrease, glucose and lipid accounted for 76±8 and 24±8%, respectively, of leg oxygen consumption. However, when plasma FFA was maintained during insulin infusion, glucose and lipid accounted for 53±6 and 47±6% of leg oxygen consumption (both P < 0.05).
Leg glycolysis and glucose storage. Basal rates of leg net balance for lactate and alanine, which were negative and indicative of net release, were similar under basal conditions on each occasion (Table III) . During infusion of insulin when plasma FFA concentrations decreased, net release of lactate and alanine did not change compared to basal rates. However, during infusion of insulin when plasma FFA concentrations were maintained, net leg release of lactate increased compared to basal rates, but net release of alanine did not change (Table III) .
The sum of net leg balance of lactate and alanine (nonoxidized glycolysis) and leg glucose oxidation can be used as an estimate of leg total glycolytic flux. During insulin infusion when plasma FFA concentrations fell, the total rate of leg glycolysis was increased compared to basal conditions (Table III) , and this increment primarily was caused by an increase in leg glucose oxidation. During insulin infusion and experimental FFA replacement, the rate of leg glycolysis was also greater than during basal conditions, and furthermore, it was equivalent to that found during infusion of insulin alone. However, the equivalent overall rate ofglycolysis during infusion ofinsulin when FFA concentrations were maintained was partly caused by increased net balance of lactate (Table III) , with a lesser contribution of increased glucose oxidation than when plasma FFA levels fell.
Basal rates of net leg glucose storage were negative and equivalent during the two studies (Table III) , indicative of net glycogenolysis in resting skeletal muscle during postabsorptive conditions. During insulin infusion when plasma FFA concentrations decreased, leg glucose storage increased significantly (Table III) , and accounted for 51±5% of leg glucose uptake. However, during insulin infusion and FFA replacement, leg glucose storage increased only modestly compared to basal rates, and was significantly lower than during insulin infusion (Table III) , accounting for only 23% ofleg glucose uptake. The contributions of leg glucose oxidation, storage, and nonoxidized glycolysis to leg glucose uptake during insulin infusion with or without FFA replacement are shown in Fig. 5 . Muscle PDH and GS activity. PDHa, the active form of PDH, was significantly decreased in muscle biopsies taken during insulin infusion and FFA replacement, compared to when FFA concentrations were allowed to decrease (Table IV) . This decrease averaged 50%. PDH, activity was not significantly decreased during FFA replacement. GSrv (GSO./GS1O) was also significantly decreased when plasma FFA concentrations were maintained, indicating a suppressive effect of FFA on insulin action in muscle.
Musclefiber type analysis. Myofibrillar ATPase staining of thin sections of muscle biopsies revealed that type Ila (47±2%) and Ilb (20±2%) fast-twitch fibers were the most numerous, compared to type I slow-twitch (34±3%). The cross-sectional areas accounted for by these fiber types were 6,010±572, 
Discussion
The present study was undertaken for two purposes: (a) to determine how experimental maintenance ofplasma FFA concentrations during physiologic hyperinsulinemia alters leg muscle glucose uptake, storage, oxidation, and glycolysis in normal healthy volunteers; and (b) to determine whether changes in muscle PDH and GS activities accompany changes in glucose oxidation and glycogen synthesis, respectively. The classical glucose/fatty acid fuel competition hypothesis predicts that muscle glucose uptake, glycolysis, glucose oxidation, and PDH activity would be decreased by FFA oxidation.
The current results show that maintenance of plasma FFA levels by means ofa triglyceride infusion during hyperinsulinemia suppresses leg muscle glucose uptake by 25% and PDH activity by nearly 50%. This is, to our knowledge, the first demonstration of the effect of FFA oxidation on PDH activity in human skeletal muscle. Paradoxically, this decrease in PDH activity and glucose uptake was not accompanied by a significant decrease in the rate of leg muscle glucose oxidation. However, leg muscle respiratory quotient (RQ) was significantly decreased during FFA maintenance, and in fact leg lipid oxidation was significantly increased. In this study, we chose a modest, physiologic level of hyperinsulinemia that would not completely suppress lipid oxidation. It could be calculated that during hyperinsulinemia alone, glucose oxidation accounted for 76% ofleg oxygen consumption, but that during hyperinsulinemia and FFA replacement, glucose oxidation was decreased significantly to only 53% of leg oxygen consumption. Because total leg muscle energy expenditure was not significantly greater during FFA replacement, these findings are consistent with both a shift away from glucose as an oxidative substrate and decreased muscle PDH activity.
Our results and those of other investigators who have assessed the effect of FFA on glucose oxidation would suggest that although FFA oxidation suppresses glucose oxidation in human muscle, this is a subtle effect (8, 10, 13, 14) . On the other hand, observations in rat diaphragm and cardiac muscle have shown that FFA strongly inhibits glucose oxidation (3, 4) . The differences between the results of human and rat stud- (16, 27) . However, during FFA replacement leg lactate release was significantly increased, suggesting that nonoxidized glycolytic flux may have been increased rather than decreased as predicted. An increase in glycolysis to pyruvate/lactate may also have at least partially counterbalanced the decrease in PDH activity by providing more substrate, accounting for the inability to observe decreased rates of leg glucose oxidation. to leg glucose uptake during a 15-mU/im2 per min insulin infusion with or without FFA replacement. Leg glucose storage was significantly (P < 0.01 ) decreased during FFA replacement and accounted for most of the deficit in leg glucose uptake.
The greatest effect of maintenance of leg FFA uptake and oxidation during hyperinsulinemia was to decrease leg glucose storage as glycogen by -70%. This deficit was of nearly the same magnitude as the decrease in leg muscle glucose uptake, and the decrease in glucose storage was significantly correlated with the decrease in glucose uptake. The decrease in leg muscle glucose uptake also was closely paralleled by a suppression of the rate ofinfusion ofglucose required to maintain euglycemia during the insulin infusion. Accompanying the decrease in leg glucose storage was a 25% decrease in muscle GS fractional velocity, which is a sensitive indicator ofthe ability ofinsulin to stimulate glycogen synthesis (17, 28) . Not all investigators have found that FFA replacement during physiologic hyperinsulinemia inhibits insulin stimulation of systemic glucose storage ( 13) . However, the present findings are similar to the decrease in muscle glycogen synthase activity and systemic glucose storage observed previously using a greater rate of lipid infusion than we employed ( 14) . The failure to observe decreased glucose storage in some studies may be explained by different time courses of the effects of FFA on glucose oxidation and storage. Boden et al. (14) found that FFA maintenance during hyperinsulinemia first suppresses glucose oxidation and only later, after 4 h, decreases glucose storage. Studies that were not carried out for a long enough time may result in only the effect of FFA on glucose oxidation being observed.
The ability ofFFA to suppress glucose storage and glycogen synthase activity we and others ( 14) have found is similar to the in vitro findings of Argyraki et al. (29) , who used human skeletal muscle strips incubated in vitro. Those studies showed that increasing FFA concentrations suppressed insulin-stimulated glycogen synthesis in a dose-responsive manner, but glycogen synthase activity was not measured in those studies. Other in vitro evidence (30) suggests that palmitoyl-CoA inhibits GS activity, providing a potential mechanism for inhibition ofGS by FFA oxidation. Although it is likely that suppression of glycogen synthesis by fat oxidation was caused by decreased glycogen synthase activity, it also has been shown that high fat feeding in rats also inhibits glucose transport in skeletal muscle (31 ) , suggesting that fatty acids also may exert an effect on the activity or number of skeletal muscle glucose transporters. Boden et al. ( 14) hypothesized that the effect of FFA on (34) . The fact that this pattern is similar to that produced in nondiabetic volunteers by maintaining fat oxidation during an insulin infusion suggests that defects in suppression of lipolysis or maintenance offat oxidation may be involved in the pathogenesis of skeletal muscle insulin resistance in NIDDM.
